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The structural complexity and instability of many inter-
ference phase microscopy methods are the major obstacles
toward high-precision phase measurement. In this vein,
improving more efficient configurations as well as propos-
ing new methods are the subjects of growing interest. Here
we introduce Fresnel diffraction from a phase step to the
realm of quantitative phase imaging. By employing Fres-
nel diffraction of a divergent (or convergent) beam of light
from a plane-parallel phase plate, we provide a viable,
simple and compact platform for three-dimensional imag-
ing of micron-sized specimens. The recorded diffraction
pattern of the outgoing light from an imaging system in
the vicinity of the plate edge can be served as a hologram,
which would be analyzed via Fourier transform method
to measure the sample phase information. The period
of diffraction fringes is adjustable simply by rotating the
plate without the reduction of both field of view and fringe
contrast. The high stability of the presented method is af-
firmatively confirmed through comparison the result with
that of conventional Mach-Zehnder based digital holo-
graphic method. Quantitative phase measurements on sil-
ica microspheres, onion skin and red blood cells ensure
the validity of the method and its ability for monitoring
nanometer-scale fluctuations of living cells, particularly in
real-time.
Keywords: quantitative phase imaging, microscopy, Fres-
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I. INTRODUCTION
Optical imaging techniques are widely employed as a reli-
able and promising tool for biomedical research and diagno-
sis [1–6]. One of the major limitations of conventional op-
tical microscopes for identifying and investigating the trans-
parent biological samples is their insufficient contrast, re-
sulted from the low absorption and scattering of the trans-
mitted light through them. Digital holographic (DH) mi-
croscope, as a well-established interferometric phase-contrast
microscopy (IPM) tool, provides three dimensional informa-
tion of objects through the numerical reconstruction of the
recorded holograms [7–11]. However, DH microscopy meth-
ods mostly rely on two-beam off-axis interference of light, in-
duced by a beam interacting with the sample and a reference
beam. In the dynamic measurements, different environmental
effects between the beams, namely, the individual mechani-
cal vibration of optical components, inevitably trigger some
remnant time-dependent noises which reduce the quality of
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retrieved images. Recently, many efforts have been devoted
toward developing new settings with the higher phase sensi-
tivity such as self-reference or common-path interferometers
(CPIs), through which the phase stability of the system is sig-
nificantly enhanced as the two overlapping beams travel along
nearly equivalent paths [12–26]. Despite having the several
advantages including simplicity and phase stability, many of
the CPIs suffer from functional challenges which are imposed
by loss of flux, inflexible off-axis angle, small field of view
(FOV) limitation and precise optical alignment.
In this paper, we present a simple and portable quantita-
tive phase microscope in which Fresnel diffraction pattern has
been successfully used to precisely measure the optical path
length information of transparent specimens such as living
cells. The proposed method is high-contrast, very stable, and
simple-to-align which make it feasible for integration with
conventional microscopes at low-cost. The compactness of
the method along with the capability of image acquisition in
very short exposure times lead to the high measurement stabil-
ity, which efficiently eliminates the effect of temporal phase
noise on the reconstructed images. Moreover, the ability of
modifying the fringe period independently from the FOV via
rotating the plate, eliminates the necessity of phase-shifting
procedure for investigating large FOVs.
Thus far, Fresnel diffraction from a phase step is stud-
ied [27–29] and widely considered in the context of different
metrological applications, e.g., the measurement of refractive
indices of solids and liquids [30–32], thickness of films and
plates [33], focal length of an imaging system [34], etching
rate of glass steps [35], and determination of the off-axis an-
gle and the wavelength of light [36].
II. THEORY
When a coherent beam of light illuminates a plane-parallel
phase plate, Fresnel diffraction pattern will appear near the
boundary of the plate owing to an abrupt change in the phase
of incident wave. The diffracted intensity in an arbitrary point
p in the observation plane can be obtained by the Fresnel-
Kirchhoff integrals as [27, 28]
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Figure 1. Side-view schematic of Fresnel diffraction of light from a
phase plate.
where I0 is the illuminating intensity and t is the amplitude
transmission coefficient through the plate.
φ =
2pi
λ
h
[√
n2 − sin2 θ − cos θ
]
(2)
is the phase difference between the two beams of wavelength
λ; one passing through the plate of refractive index n and
thickness h at incident angle θ and the other propagating in
air. The parameters C(ω) and S(ω) are the Fresnel Cosine
and Sine integrals, where ω defines the upper limit of the in-
tegrals. The Fresnel integrals are constant along the lines par-
allel to the plate edge. According to Eq. (1), the diffracted
intensity is a periodic function of φ which could be varied by
changing the angle of incidence.
In a spherical beam, the incident angle varies continuously
along the plate edge that results in the periodic intensity pat-
tern along the lines parallel to the edge. Figure 1 illustrates
the geometry of diffraction for a spherical wave, radiated by
the point source s, from a phase plate. The plate and the ob-
servation plane (x, y) are located at distances z′ and z from
the source, respectively. For an arbitrary point p on the ob-
servation plane, ω is proportional to the location of the plate
edge relative to the s point, ξp = xpz′/z [37]. By placing
the plate very close to the point source, i.e., z′  z, the pa-
rameter ξp (and consequently ω) is negligible in comparison
with xp. That being the case, the intensity distribution in the
directions parallel to the plate edge becomes akin to that of
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Figure 2. Recorded diffraction pattern for maximum pixel resolution
of CMOS, where the plate is: (a) a few centimeters far from s point
and is rotated by about 0.02 radian, (b) a few millimeters far from s
point in a same rotation angle as (a), and (c) rotated by about 0.06
radian in a same position situation as (b). The dashed line is related
to the plate edge.
along the edge ,x = 0, at which C(0) = S(0) = 0. By this
consideration, the intensity of diffraction pattern is given by
Ip =
I0
4
[(
1 + t2
)
+ 2t cosφ
]
, (3)
The spatial frequency of these periodic fringes depends on the
incident angle of the light as well as the height and refrac-
tive index of the step. The diffracted intensity distribution
of Eq. (3) is similar to that of an interference phenomenon
which could be numerically analyzed by Fourier transform
method [38].
In order to obtain the typical pattern of diffraction, a diver-
gent beam of light, generated from an expanded beam of a
He-Ne laser (Thorlabs, 632.8 nm, 5 mW) by a lens with a fo-
cal length of 100 mm, illuminates the edge of the phase plate
(BK7 slide, refractive index= 1.51, thickness= 7.75 mm).
The diffraction pattern is recorded by a CMOS sensor (Basler
acA1300-200um, 8 bit dynamic range, 4.8 µm pixel pitch)
which is located at a distance of about 15 cm from the lens’
focal plane. Fig. 2(a) depicts the diffraction pattern at maxi-
mum resolution of the sensor (1280× 1024 pixels), where the
plate is rotated by about 0.02 radian, for z′ ≈ z/3. By increas-
ing the distance from the plate edge, high intensity variation
as well as the contrast reduction of fringes are clearly obvi-
ous which are attributed to the oscillation of C(ω) and S(ω).
These effects could be eliminated by locating the plate near to
the focal point. Figure 2(b) illustrates the diffraction pattern in
the same FOV as Fig. 2(a) for z′ of approximately a few mil-
limeters. By rotating the plate, the phase change and hence the
fringe period varies without reduction of the FOV, as shown in
Fig. 2(c) for about 0.06 radian rotation angle. The few varia-
tions of contrast along x direction, which is measured by 0.04,
demonstrates that C(ω) and S(ω) are approximately constant
in the whole FOV recorded by the sensor. If a phase object
is located in the path of the incoming light to the plate, the
diffraction pattern varies depending on its height and refrac-
tive index. Thus, the phase information of object is achievable
by measuring the fringe displacement.
III. EXPERIMENTAL SETUP
The experimental diffraction-based imaging system is
schematically shown in Fig. 3. The system comprises a con-
ventional inverted microscope upgraded with the phase plate
to attain a DH microscopy device. The He-Ne laser light is
coupled to the imaging system, equipped with a condenser
lens, microscope objective (MO) and the lens. The sample is
imaged onto the sensor. The geometry of the plate relative
to the focal plane and the sensor is similar to that in which
Figs. 2(b) and 2(c) are recorded. In the specimens which are
not sparse enough, one could put the sample in half of the
illumination spot relative to the plate edge to avoid overlap-
ping of sample information and ghost image and this poses a
half-FOV limitation.
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Figure 3. Experimental setup of phase imaging system based on
Fresnel diffraction. The left-bottom inset demonstrates the digital
FOV, recorded by the sensor, in which the position of edge is shown
by white-dashed line.
IV. RESULTS AND DISCUSSIONS
To experimentally characterize the capability of the pro-
posed method, first silica microspheres (beads) with a di-
ameter of 4.47 µm, immersed in water are employed as the
standard test samples. Figure 4(a) shows the recorded digital
hologram of two beads using a 40× (NA= 0.65) microscope
lens while the plate is rotated by about 0.19 radian. The re-
sulted fringe pattern is numerically reconstructed by Fourier
transform method. By windowing one of the spectra in an-
gular spectrum domain using a rectangular filter (see the in-
set of Fig. 4(a)) and applying an inverse Fourier transform
of the filtered and shifted spectrum, the wrapped phase im-
age is obtained. After subtracting a reference phase map from
the object phase map, a Goldstein’s branch-cut unwrapping
method is applied to reconstruct a continuous phase of ob-
5 𝜇𝑚 
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Figure 4. (a) A hologram containing silica microspheres, obtained
by the method. The inset demonstrates the Fourier domain. (b) 3D
representation of thickness map. (c) Central cross-section of a single
bead.
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Figure 5. (a) Hologram of RBCs. (b) The unwrapped phase distribu-
tion.
ject [39]. The thickness distribution which is achieved from
the net unwrapped phase information of silica beads, d =
φ′λ/ [2pi(nO − nm)], is illustrated in Fig. 4(b), where the re-
fractive indices of the beads and the surrounding medium read
as nO = 1.42 and nm = 1.33, respectively. The thickness
cross-section across the diagonal of a single bead (Fig. 4(c))
implies that the resulted average microsphere size suggests a
good agreement with the value reported by the manufacturer.
Next, to prove the potential applicability of the method for
imaging biological samples which mostly have sparse popu-
lations, we used thin smear of human blood on a microscope
slide. Figures 5(a) and 5(b) show the recorded hologram and
reconstructed phase distribution of red blood cells (RBCs), re-
spectively. According to Fig. 5(b), as the two types of healthy,
donut-shaped RBCs and disordered RBCs are clearly distin-
guishable, the proposed system may potentially be able of per-
forming diagnosis of many types of diseases which cause the
morphological modification of cells. As an additional demon-
stration of the configuration, confluent onion skin cells are im-
aged by a 10×microscope lens, where half of the optical FOV
is empty by laterally displacement of sample in relation to the
edge of the phase plate. Figure 6(a) depicts the hologram of
onion skin and Figs. 6(b) and 6(c) show the wrapped and un-
wrapped phase profiles, respectively.
To evaluate the temporal phase stability, as one of the most
important features of a quantitative phase microscope, the
number of 2460 sample-free diffractograms are recorded at 41
frames per second (fps) in the absence of vibration isolation.
The fluctuation at each pixel is calculated through standard
deviations of path length changes in the area of 300 × 300
pixels. The histogram of fluctuations, depicted in Fig. 7(a), re-
veals an approximately normal distribution with a mean value
200 𝜇𝑚 
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Figure 6. (a) Hologram of onion skin cells. (b) Wrapped and (c)
unwrapped reconstructed phase distributions.
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Figure 7. (a) Histogram of standard deviations of the proposed setup
fluctuations. (b) Temporal OPD of a diffraction-limited spot for both
FDM and MZI method. σ denotes the standard deviation of OPD.
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Figure 8. The membrane fluctuation of RBCs obtained of 170 tem-
porally recorded holograms.
of 0.33 nm. The mean value of the fluctuations could be con-
sidered as the temporal phase stability of the configuration.
In order to compare the robustness of the Fresnel diffraction
method (FDM) with a conventional IPM tool, the temporal
optical path difference (OPD) of an approximately diffraction-
limited spot containing 3 × 3 pixels is calculated for both
a standard Mach-Zehnder interferometer (MZI) configuration
and FDM (see Fig. 7(b)). The experiments are performed un-
der identical conditions for a fair comparison. The OPD stan-
dard deviation of 0.40 nm in the case of FDM proves more
stable and noise-free configuration than MZI with OPD stan-
dard deviation of 6.09 nm. Sub-nanometer temporal stabil-
ity promotes the proposed method as a bright candidate for
studying the dynamical phenomena such as nanometric cell
membrane oscillations with high precision. In addition, be-
cause of removing the additional optical components such as
mirrors and beam splitters, the proposed technique minimizes
the loss of flux and allows for fast imaging with higher signal
to noise ratio without necessity to a high-power laser which is
an essential requirement in the fast and sensitive cell measure-
ments. To further substantiate such arguments, we recorded
holograms of RBCs suspended in distilled water and normal
saline, positioned between a microscope slide and cover glass,
at 170 fps for 1 s. The root mean square of dynamical thick-
ness fluctuations for three individual cells multiplied by a bi-
nary mask is presented in Fig. 8 that clearly displays the mem-
brane fluctuation of the RBCs with a mean value of 23.95 nm.
V. CONCLUSIONS
In conclusion, we introduced Fresnel diffraction of the
phase plate as a very robust, simple and cost-effective opti-
mistic tool for quantitative phase microscopy. In contrast to
the conventional interferometry methods which take advan-
tage of the light interference, here, diffraction pattern which is
constructed by locating the edge of the plate in the optical path
of the conventional microscope, is utilized for reconstructing
the phase information of specimens. Easy adjustment of the
fringe period decoupled from FOV, allows for single frame of
acquisition. Comparing the measured stability result of Fres-
nel diffraction method (FDM) to that of a conventional Mach-
Zehnder interferometer reveals that FDM has more than fif-
teen times better vibration resistance. In view of the low loss
of flux, our setting paves the way to acquire superb-contrast
fringes in the short exposure times in order to detect fast dy-
namical phenomena. These features along with the ability
of straightforward alignment ensure that FDM could easily
be employed for a wide range of applications, specially in
the case of living cells. The morphology of standard micro-
spheres, RBCs and onion skin as a confluent specimen as well
as the membrane fluctuation of RBCs are successfully inves-
tigated in order to validate the efficiency of the configuration.
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